The potential role of the bcl-2 relative bcl-w as a physiological regulator of apoptosis in intestinal epithelia has been investigated. Immunoblots for bcl-w with new monoclonal antibodies revealed that it was expressed in the small intestine and colon, among other murine tissues, as well as in six human tumour cell lines of epithelial origin, including two colon carcinoma lines. To assess whether bcl-w regulates either spontaneous or damage-induced apoptosis in the small intestine or colon, apoptosis in intestinal crypts of bcl-w 7/7 and wildtype mice was quanti®ed microscopically on a cell positional basis. Spontaneous apoptosis within crypt epithelia was not signi®cantly increased by loss of bcl-w, in either the small intestine or midcolon. However, after treatment with the cytotoxic drug 5-¯uorouracil or with g-radiation, the bcl-w-null animals exhibited substantially more apoptosis than their wild-type counterparts in both tissues. The greatest enhancement of apoptosis attributable to the absence of bcl-w (up to sixfold) occurred in the small intestine. Hence, bcl-w is an important determinant of damage-induced apoptosis in intestinal epithelia, and unlike bcl-2, which regulates only colonic apoptosis, plays a major role in small intestinal epithelium. Oncogene (2000) 19, 3955 ± 3959.
Keywords: apoptosis; bcl-w; 5-¯uorouracil; g-radiation; intestinal epithelia A wide range of physiological signals and toxic agents induce cells to undergo apoptosis. Whether or not a cell survives after a toxic stimulus depends not only on the nature of the stimulus and the damage it imposes, but also on downstream factors which set a survival threshold (Dive and Hickman, 1991) . One major class of gene products that modulate the engagement of apoptosis and ®x the survival threshold is the bcl-2 family of proteins (reviewed by Adams and Cory, 1998; Reed, 1999) . Some of its members, such as the protooncoprotein bcl-2 itself and its close relatives bcl-x L and bcl-w, inhibit apoptosis, while others, such as bax and bak, favour cell death.
Although the survival of almost every mammalian cell probably requires the activity of pro-survival members of the bcl-2 family, assigning their individual physiological roles is complicated by their multiplicity, overlapping expression patterns and substantial functional redundancy. Nevertheless, unique biological roles for several family members have been revealed by gene disruption (reviewed by Adams and Cory, 1998) . For example, bcl-2 7/7 mice (Veis et al., 1993) develop normally but later display marked apoptosis in the lymphoid system and in several other tissues, including colonic epithelia. In contrast, adult mice lacking bcl-w, the subject of this study, appear normal, except for a profound block in spermatogenesis (Print et al., 1998 , Ross et al., 1998 .
The epithelia of the small intestine and colon provide a well characterized model in which to study the induction of apoptosis in vivo (Potten, 1992) . Following genotoxic damage, cell death is induced in the crypt compartments of both tissues, but the small intestinal epithelia are more susceptible to apoptosis than the colon. Some molecular determinants of epithelial cell death have been established by gene disruption. For example, the acute apoptosis induced by both gradiation and 5-¯uorouracil (5-FU) in the intestinal epithelia of wild-type mice is almost absent in p53-null mice (Merritt et al., 1994; Pritchard et al., 1997) , and the long-term histopathological damage to the intestine induced by high doses of 5-FU is almost completely p53-dependent (Pritchard et al., 1998) . Bcl-2 protein expression is maximal in cells located at the colonic crypt base (putative stem cell zone), and bcl-2-null mice display higher levels of spontaneous, g-radiationinduced and 5-FU-induced apoptosis speci®cally at this site (Merritt et al., 1995 , Pritchard et al., 1999 . By contrast, in the small intestine, bcl-2 did not appear to play a signi®cant role in the control of apoptosis. Moreover, experiments with bax-null mice suggest that bax has only minor roles in the apoptotic response to g-radiation or 5-FU, in both the small intestine and the colon (Pritchard et al., 1999) .
Because the results above indicated that bcl-2 itself could not be the sole mediator of cell survival in intestinal epithelia, we hypothesized that a close relative such as bcl-w (Gibson et al., 1996) might have an important role in governing either the spontaneous or the damage-induced apoptosis in the gut. The recent generation of bcl-w-null mice (Print et al., 1998; Ross et al., 1998) has allowed a test of this notion. Although bcl-w-null mice have no overt intestinal phenotype (Print et al., 1998) , we report here that bcl-w does indeed have a signi®cant role in the control of intestinal apoptosis.
To determine whether bcl-w was expressed in gut tissues, we used two new rat monoclonal antibodies to bcl-w (13F9 and 16H12), suitable for Western blotting and immunoprecipitation (O'Reilly et al., in preparation), to examine extracts of several mouse tissues. Pertinently, the tissues expressing bcl-w included small intestine and colon, as well as pancreas and heart, but not muscle or liver (Figure 1a ). The speci®city of the antibodies was demonstrated, for example, by their detection of a polypeptide of the expected size for bcl-w (21 kDa) in wild-type testis but not in bcl-w 7/7 testis ( Figure 1a ), and that also held for the colon (data not shown). Moreover, analysis of extracts from eight human tumour cell lines by immunoprecipitation followed by immunoblotting revealed that bcl-w was expressed in six lines of epithelial origin ( Figure 1b) . Notably, these included the colon carcinoma lines SW480 and EB-3, as well as the HeLa cervical carcinoma line, two kidney carcinoma lines (HK-2 and G401) and the breast carcinoma line MCF-7, but not the Jurkat T lymphoma line or 293T cells, unless the 293T cells had been transfected with a bcl-w expression construct (Figure 1b) .
The bcl-w expression in the gut encouraged us to determine whether apoptosis was elevated in intestinal epithelia of bcl-w 7/7 mice. In keeping with the normal histologic appearance of the small intestine and colon in bcl-w 7/7 mice (Print et al., 1998) , no statistically signi®cant dierences were detected between untreated bcl-w wild-type and null mice in the frequency of apoptotic cells in either tissue (Table 1) .
To assess whether the absence of bcl-w exacerbated damage-induced apoptosis, we explored the eects of treatment with 5-FU and g-irradiation, at times and doses based on our previous ®ndings on the responses to these cytotoxic agents in murine intestinal crypts (Potten, 1977; Pritchard et al., 1997; Potten and Grant, 1998) . At the dose of 40 mg/kg 5-FU used here, the 4.5 h time point represents the early phase of apoptosis and the 24 h point its peak (Pritchard et al., 1997) . With doses of 1 Gy or 8 Gy g-radiation, the 4.5 h time point used represents the peak of apoptosis in both the small intestine and midcolon (Potten, 1977; Potten and Grant, 1998) .
After 5-FU treatment, the frequency of apoptotic cells at 4.5 h in the small intestine of the knockout mice was strikingly higher (6.5-fold) than in the wildtype mice, and a notable elevation (2.0-fold) persisted at 24 h (Table 1) . By Student's t-test, these increases are highly signi®cant (P=0.0002 at 4.5 h and 0.003 at 24 h). The midcolon of the mutant mice also displayed higher levels of apoptosis at both times (Table 1) . Figure 2 shows the cell positions along the crypts where apoptosis was prominent. As we demonstrated previously for wild-type mice (Pritchard et al., 1997) , 5-FU caused apoptosis predominantly in the highly proliferative`transit' cell zone (cell positions 6 ± 8) of the small intestine and in the stem cell zone in the midcolon (cell positions 1 ± 3). The statistical signi®-cance of the dierences between genotypes was con®rmed by the modi®ed median test for the small intestine but not for the colon. However, that test cannot detect signi®cant dierences below cell position 3 (see Table 1 legend) and is thus of limited use in the colon, where apoptosis is maximal at the crypt base (cell positions 1 ± 3).
Following g-radiation, the knockout mice also showed higher levels of apoptosis in both tissues (Table 1 ). In the small intestine, the elevation (60 ± 70%) was highly signi®cant (P40.05) by both statistical tests. With 8 Gy irradiation, the midcolon also showed signi®cantly higher apoptosis by both statistical tests. After 1 Gy radiation, where the apoptotic response is sub-optimal in midcolon, the dierence due to genotype did not reach signi®cance in the colon. Figure 3 shows the cell positions aected by radiation in both tissues. Consistent with previous studies (Potten, 1977; Potten and Grant, 1998) , gradiation caused maximal apoptosis predominantly in the stem cell zone (cell positions 4 ± 5) of the small intestine and at cell positions near the crypt base in the (Print et al., 1998) . The characterization of the antibody, which does not cross-react with any other bcl-2 family member, and a more complete analysis of the bcl-w expression pattern will be reported elsewhere (O'Reilly et al., in preparation). Lysates were prepared, fractionated and blotted as described previously (Print et al., 1998) The bcl-w mutant mice (Print et al., 1998) were back-crossed for at least six generations on to a C57BL/6 background. Groups of 4 ± 6 male 10 ± 13 week-old bcl-w7/7 and wild-type C57BL/6 mice (usually littermates) were treated and scored at the same time. 5-FU (Farmitalia Carlo Erba, Australia) was administered as a single intraperitoneal injection (40 mg/kg). Irradiation was performed using a 60
Cobalt g-ray source (dose rate 89 Roentgens/min). Intestines of treated and untreated mice were ®xed in Carnoy's ®xative. Paran-embedded transverse sections (3 mm) of mid small intestine and the middle third of colon were stained with haematoxylin and eosin. Apoptosis was scored by a single observer (DMP), who was blinded to the treatment given. Scoring was performed on a cell positional basis, analysing 50 half-crypts per mouse using a light microscope. Each cell position (counting from the crypt base) was scored as showing either a normal cell, apoptotic cell or mitotic event . Statistical analysis of the dierences between experimental groups was performed by Student's t-test (assuming unequal variance of the groups being tested). The signi®cance of dierences at each cell position (with a threshold of P=0.05) was determined by an extension of the median test (Potten et al., 1990) . As discussed elsewhere (Pritchard et al., 1999) , the modi®ed median test considers, at each crypt cell position, the number of animals in each group having apoptotic indices above and below the common median at that cell position. The resulting 262 contingency tables are then pooled over a window of ®ve cell positions and standard chi-squared tests used to assess signi®cance. Because a quoted cell position at which the groups dier is actually the centre of a ®ve-cell window, the test cannot reveal dierences between groups at cell positions 1 ± 3. This is particularly relevant to the midcolon because maximal damage-induced apoptosis occurs at the crypt base (see Table 1 midcolon. Although the signi®cance of the dierence in the colon after 1 Gy radiation was problematic, Figure  3c suggests that there most likely were dierences at cell positions 1 ± 3, which cannot be assessed by the modi®ed median test (see Table 1 legend).
In agreement with the normal histologic appearance of the intestine in untreated bcl-w 7/7 mice (Print et al., 1998) , the present studies provided no evidence that bcl-w controls spontaneous apoptosis in intestinal epithelia, as the levels of apoptosis in both the small intestine and the colon did not dier between wild-type and bcl-w-null animals. In contrast, bcl-2-null mice showed elevated levels of spontaneous apoptosis concentrated in the stem cell zone at the base of the colonic crypt (Merritt et al., 1995) . For the small intestine, the genes which regulate spontaneous apoptosis remain to be identi®ed, because the levels in mice lacking p53 (Merritt et al., 1994) , bcl-2 (Merritt et al., 1995) , bax (Pritchard et al., 1999) and now bcl-w are no higher than in their wild-type counterparts.
Bcl-w did however prove to be an important determinant of damage-induced apoptosis in intestinal epithelia. In the small intestine, its role appears to be particularly prominent, as bcl-w-null mice had signi®cantly higher levels of apoptosis in this tissue following both g-radiation and 5-FU (Table 1) . Apoptosis in the mid colon was also abnormally high following 5-FU treatment and after 8 Gy g-radiation, as assessed by Student's t-test (Table 1) . As discussed in Pritchard et al. (1999) , the modi®ed median test is not as useful in the midcolon, because it cannot detect signi®cant dierences below cell position 3. Figures 2 and 3 demonstrate that peak levels of midcolonic apoptosis following both 5-FU and g-radiation occurred at the crypt base, where the putative colonic stem cells have been suggested to reside.
The roles of bcl-w and bcl-2 in the regulation of damage-induced apoptosis in the intestine are not equivalent. Following either g-radiation or 5-FU treatment, the extent of apoptosis in the small intestine of bcl-2-null and wild-type mice diered only slightly (Merritt et al., 1995; Pritchard et al., 1999) , whereas the experiments reported here show that bcl-w has a major protective eect in the small intestine. Although bcl-w also contributes to the control of midcolonic apoptosis following genotoxic damage (see Figures 2  and 3 ), the eect of its loss in midcolon was much less marked than that seen in bcl-2-null mice, which showed a large increase over wild-type animals in midcolonic apoptosis both 3 h following 8 Gy g-radiation (Merritt et al., 1995) and 4.5 h following treatment with 40 mg/ kg 5-FU (Pritchard et al., 1999) . Thus, bcl-2 has the dominant role in the colon. Whether dierences in the expression patterns of bcl-2 and bcl-w within intestinal epithelia can account for these phenotypic dierences remains to be determined. Although bcl-w protein can be readily demonstrated by Western analysis in lysates of both small intestinal and midcolonic epithelium (Figure 1a) , as well as various human tumour cell lines (Figure 1b) , to date attempts to localize bcl-w in Table 1 murine intestinal epithelia by immunohistochemistry unfortunately have not been successful, because these antibodies are not suitable for that application (L O'Reilly and C Print, unpublished data).
These ®ndings underline the dierences between the control of spontaneous and damage-induced apoptosis and suggest that the various bcl-2 family members can have distinct roles in integrating the cellular response to damage even in very similar tissues. The reciprocity of dependence on bcl-2 and bcl-w for inhibition of damage-induced apoptosis in the colon and small intestine, respectively, might eventually provide a basis for selectively inhibiting the survival of early stage colon tumours, which express bcl-2 (Watson et al., 1996; Manne et al., 1997) , without damaging the small intestine. The results also suggest that the phenotype of bcl-w-null mice may be much wider than the defective spermatogenesis already described (Print et al., 1998; Ross et al., 1998) and illustrate that certain abnormalities in mutant animals only become apparent when a stressful stimulus is imposed.
Abbreviation 5-FU, 5-¯uorouracil.
